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Abstract: A microstructural investigation by electron microscopy on a travertine specimen collected
from Munigou National Park, Sichuan Province, China revealed evidence of a non-classical reversed
crystal growth route previously only discovered in synthetic materials. Examination of the
travertine specimen suggests that the presence of organic matter initiates the oriented aggregation
of calcite nanocrystallites. Surface re-crystallisation of the aggregates leads to a single crystalline
rhombohedral shell with a polycrystalline core. This core-shell structure carries a strong
resemblance to synthetic calcite prepared in the presence of chitosan, where the growth of calcite
was found to follow the so-called reversed crystal growth process. It is proposed that the similar
roles of biomolecules in naturally occurring travertine and chitosan in the synthetic system are
based on their isoelectric points and the polymerizable property of long chain chemical structures.
This study is important so that the structural similarities between naturally occurring biominerals
and biomimetic materials can be further understood.

Keywords: travertine; electron microscopy; crystal growth; calcite; minerals; biological
macromolecules

1. Introduction

Calcium carbonate is an exceptional compound that exists everywhere in nature and makes up
more than 4% of the Earth’s crust which makes the polymorphs calcite, aragonite and vaterite some
of the most important rock-forming minerals [1,2]. The present study focusses on travertine, which is a
form of limestone normally deposited in springs, during the transfer of carbon dioxide from ground water
in a spring, which is highly charged with calcium and bicarbonate. These highly porous lateral deposits
form during rapid degassing when the water meets the atmosphere and subsequently cools [3]. There is
a long history of disagreement regarding the definition of the terms “travertine” and “tufa” [4,5], but
typically “travertine” refers to warm or hot calcareous hydrothermal deposits whereas the latter
refers to ambient or cool temperature deposits [6]. This distinction is difficult to maintain, because as
thermal spring waters flow downslope into pools or flat areas, they are often mixed with rainwater
and the temperature changes. In this study, the temperature of spring water, 20 °C, at Munigou is
higher than the annual mean air temperature, 7 °C. Travertine is a more appropriate term for these
deposits rather than ambient calcareous tufa. At present, literature detailing the structural
characterisation of calcite minerals via electron microscopy at the nano and atomic level formed in a
geothermal spring is sparse. Previously, Kim et al. used a SEM/TEM-EELS study to characterise
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CaCO:s deposited in filamentous cyanobacterial mats at different locations in a hot spring [7]. Coman
et al. described the structure and diversity of microbial mat communities associated with CaCOs
deposits in different temperature environments around a geothermal spring from an abandoned oil
well drill site [8].

Similar to many other naturally occurring biominerals, travertine deposits commonly contain
embedded organic matter of several weight percent with the most prominent region of organic matter
being the microbial biofilm [3]. Biofilms are generally bacterial populations and communities in an
extracellular polymeric substance (EPS) matrix, attached to substrates in an aquatic environment [9].
Diatoms, bacteria and cyanobacteria are able to secrete large quantities of EPS, which are essentially
microfibrillar and polysaccharide in composition [10]. Negatively charged EPS has several roles, to
provide physical and chemical protection to cells, facilitate communication between cells through
cell-cell recognition and to preferentially induce the nucleation and precipitation of calcite by binding
to the surface of Ca? [11]. Although the exact composition of EPS will vary depending on the type of
microorganisms and the environmental conditions under which the biofilms exist, EPS is usually
high molecular weight biopolymers primarily consisting of polysaccharides, as well as small
quantities of proteins, nucleic acids and lipids. Due to these components, the isoelectric point of EPS
is always in the acidic range although the exact value is unique to the conditions of the individual
system [12]. These microorganisms are embedded in their self-produced matrix of EPS. The
bioactivities of the biofilm were found to be crucial, as its absence has been known to prevent the
precipitation of low Mg-calcite [13]. To help explain the CaCOs precipitation processes associated
with freshwater microbial biofilms, Pedley set up at non-invasive flowing water experimental
mesocosm, run under near-natural conditions for a period of 2.5 years [14]. Lamination of carbonate
sediments is a competitive interaction between microbial growth and carbonate precipitation [15]. In
highly supersaturated water, the precipitation rate of minerals is rapid but at a variable rate according
to hydrological conditions, and flow conditions are known to result in a multitude of carbonate
textures and microbial components within a single travertine [16,17].

EPS may work in a similar way to the organic agents often added to biomimetic systems. For
example, crystals of CaCOs [18-24], ZnO [25-28], and fluorapatite [29,30] have been grown in gel
matrices or in the presence of polymers such as gelatin, chitosan, gum arabic and agarose. During the
preparation process, these structure directing agents may play the role of a template and a surfactant.
A careful selection of the structure directing agent is necessary as their ability to selectively adsorb
onto a preferred surface allows many factors such as the polymorphic phase, the nucleation,
alignment of crystallites, and also the morphology to be stringently controlled [31-33]. Similar
hierarchical microstructures have been described for biogenic calcite, where organic macromolecules
and inorganic mineral form a hybrid structure over many length scales [34,35]. Bacterial mediated
carbonate biomineralisation systems are known to be even more complex and display a wide variety
of crystal morphologies, many of the reasons for their formation are not well known [36,37].

In more recent years, investigations of the early stage morphologies of some organic and
inorganic systems have found that their crystal growth does not always follow the more traditional
classical crystal growth route established approximately 150 years ago. Instead, non-classical
pathways such as reversed crystal growth route [38], oriented attachment of primary particles
forming an iso-oriented crystal upon fusing or the self-assembly of primary particles covered with
organics to form a mesocrystal are deemed more suitable [39]. The classical growth route assumes free
crystals with a highly symmetric polyhedral morphology develop via nucleation and a layer-by-layer
deposition of atoms, molecules or ions to a single nucleus via an epitaxial type process [40].
This well-established growth route can be defined using the Bravais-Friedel-Donnay-Harker (BFDH)
law [41-43], Hartman-Perdok theory [44] and Ostwald ripening [45,46]. The BFDH law assumes a
linear growth rate, rnu, where the crystal face is inversely proportional to the interplanar distance,
dnu, and therefore the slowest growing faces are those with the greatest interatomic spacing. Using
periodic bond chain theory, Hartman and Perdok refined the BEDH model by attempting to quantify
the crystal morphology in terms of the interaction energy between crystallising units. In instances
where surfactants or polymers were introduced the crystal growth has often been found to follow an
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increasingly common non-classical reversed crystal growth route. This growth route, founded in
2007, in which re-crystallisation starts at the surface of an aggregate of polycrystalline zeolite
analcime particles, forming a “core-shell” structure where a highly symmetric and high density shell
surrounds a disordered core, followed by an extension of re-crystallisation from the surface to the
core. This non-classical reversed crystal growth route was induced by organic ethylamine molecules,
added as a modification to a well-established synthetic method [47] for zeolite analcime. These
molecules adsorbed onto the surface of the early stage nanoparticles [48]. This reversed crystal
growth route can be generalised by the four principal stages, nanocrystallites, aggregation, surface
re-crystallisation and finally single crystal.

In general, the formation mechanism and the role of the biomolecules in the construction of
travertine deposits and most other naturally occurring biominerals have been extensively
investigated yet, due to many variables involved questions regarding the structure and formation
mechanism of the resulting mineral remain. One reason is that the most investigations tend to focus
on echinoderms and nacre rather than less common biomineralisation systems. These investigations
have a tendency to focus solely on characterisation of the structure but few follow up with a formation
mechanism [49-51]. One effective way to overcome this is to replicate the structure of natural
occurring biominerals such as that done by Finnemore et al. in nacre [52]. Not only did their ordered
multilayer structure of CaCO:s platelets separated by porous organic layers strongly resemble the
biogenic material, its mechanical and optical properties also bear a striking similarity. Another reason
for the limited knowledge of the formation mechanism of travertine deposits is that most previous
studies have used optical microscopy and scanning electron microscopy (SEM) to show the
morphology and the surface of the crystals [53,54]. In the present work, high resolution SEM has been
combined with high resolution transmission electron microscopy (HRTEM) in order to reveal the
microstructure of natural travertine at atomic resolution. Finally, we report a comparative study of
the structure and formation mechanisms of natural travertine with those obtained from previously
reported biomimetic calcite prepared in the presence of chitosan [18].

2. Results

2.1. Travertine Calcite Deposits

The travertine calcite deposits were collected at Erdaochai in Munigou Valley National Park,
which is located in the northern part of the Sichuan Province, China (Figure 1). The photomicrograph
image of the travertine sample stained with a mixture of potassium ferricyanide and alizarin red S in
Figure 2 shows a uniform sample consisting of aggregates of calcite microparticles. According to the
XRD pattern in Figure 3 the travertine specimen is monophasic and can be indexed to rhombohedral
calcite with unit cell parameters of a = 4.99, ¢ = 17.06 A, space group R3c (JCPDS card No. 47-1743).
Although this travertine deposit, formed from the naturally occurring biomineral calcite was
expected to contain impurities, EDX (inset of Figure 3) of the calcite particles was only able to detect
the principle elements of calcium, carbon and oxygen indicating a CaCOs phase. However, co-existed
organic molecules containing only light elements cannot be ruled out. The Cu in this spectrum is from
the copper grid, on which the sample was deposited for TEM investigations.

By studying several different regions along a profile across several layers of the travertine
sample, calcite particles displaying different morphologies and surface details were detected. It is
expected that these particles have grown over various periods of time. The earliest detected
morphology is thought to be nanoparticles, ca. 130-230 nm in dimension surrounded by a network
of EPS fibres (Figure 4a). A second observed morphology in this studied travertine specimen is
irregular shaped aggregates with a dimension of 3 to 8 um as shown in Figure 4b. The travertine
calcite particles in Figure 4b are composed of 200 to 350 nm sized polyhedral particles as the building unit.
The dimensions of these building units are consistent with the size of the particles in Figure 4a. These
aggregates contain a large number of needles (marked by arrows in Figure 4b), which appear to frequently
lie parallel to the traces of the (104) planes of the calcite subunits in the aggregates and intersect at an
angle appropriate for a rhombohedral morphology. The building units in aggregates, similar to that in
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Figure 4c, were found to terminate with the same plane as indicated by dashed lines (Figure S1a, where S

indicates Supplementary Materials). The arrangement of polyhedral building units in the calcite particles
shown in Figure 4c is significantly denser compared to the aggregate in Figure 4b.
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Figure 1. Location of Erdaohai valley (red line) with travertine deposits in the Munigou National
Park, north Sichuan, China. The star indicates the location of studied sample (32°39'47.81" N
103°30'4.65" E). The satellite image is from Google Earth.

Figure 2. Photomicrograph of calcite, stained with a mixture of potassium ferricyanide and alizarin red S,
under plane polarised light.
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The profiles of some particles in Figure 4c are partially obscured by a coating or film (marked
by arrows). These molecules with an unknown composition can be regarded as EPS molecules. EPS
molecules were found to be more noticeable at the microbial biofilm region (Figure S2a) although
long filaments of EPS, ca. 500-700 nm thick and tens of microns long, could be easily distinguished
by SEM (Figure S2b). TGA (Figure S3) carried out on the travertine specimen showed a weight loss
between 230 and 380 °C, indicating the travertine crystals contained approximately 2.1 wt% EPS
molecules. The SEM image in Figure 4d shows a travertine calcite particle exhibiting a much more
regular rhombohedral shape despite displaying a rough surface. Travertine calcite particles at a later
growth stage are thought to be those with a smoother surface (Figure 4e) although the surface

topography can vary slightly from particle to particle (Figure 4f,g).
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Figure 3. XRD pattern of travertine specimen indexed to a rhombohedral calcite phase. The inset
shows a typical EDX spectrum attained from several calcite fragments on the TEM.

Very few calcite particles in the present travertine system exhibit a perfect rhombohedral shape,
which is a common characteristic of single crystals of calcite although most display rhombohedral
habits. When such a perfect rhombohedral particle present in the travertine specimen was fractured,
a core-shell structure was revealed (Figure 4h, Figure S1b), i.e., a polycrystalline core encased in a
single-crystal shell with a thickness on the order of tens of nanometres. It is highly plausible that the
partially disordered core, particularly in the lower region of the particle, shown in Figure 4h was
generated by strain during intentional fracturing since many of crystallite building units in the
suspected earlier stage calcite particles have a uniform orientation (Figure 4b,c). The core region
contains some small areas covered in a film of EPS molecules (marked by arrows in Figure 4h), as

evidence of embedded organic molecules.
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Figure 4. SEM images of calcite particles found in the travertine specimen at various stages of growth. (a)
Nanoparticles of calcite trapped inside a matrix of EPS fibres (marked by arrows); (b) An irregularly shaped
polycrystalline aggregate. The arrows mark embedded calcite needles; (c) Calcite aggregate composed of
a dense arrangement of nanosized building units. The arrows mark EPS molecules; (d) Calcite particle
displaying a more regular rhombohedral morphology; (e) Low magnification image showing calcite
particles with a relatively smooth surface; (f) Calcite particle exhibiting many single crystalline surface
domains as evidence of surface re-crystallisation. The arrows mark large single crystalline regions on the
surface of a rhombohedral particle; (g) Calcite particle displaying a significantly smoother surface; A lower
magnification SEM image of this particle is shown in the upper right side of (e); (h) A fractured calcite
particle exposing a core-shell structure: a thin single crystalline shell surrounding a polycrystalline core;
The arrows in (h) mark embedded EPS molecules.
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HRTEM was carried out to reveal differences in nanostructure of the calcite travertine particles
with different morphologies and to establish if the polyhedral building units in the calcite particles
were oriented. The TEM image in Figure 5a as recorded from the edge of a rhombohedral particle
shows polyhedral nanoparticles with a dimension of 100 nm. Differences in contrast in the polyhedral
particles suggest they are constructed from 10 to 20 nm sized domains. The single crystal-like fringes
and the outline of many domains in Figure 5b indicate that all the domains have a uniform
orientation. The uniform orientation was further confirmed by recording a selected area electron
diffraction (SAED) pattern from a large area of a calcite particle containing many nanocrystallites
(Figure S4a). The terminal planes of the surface terraces are parallel (marked by arrows in Figure S4b)
which also suggests a uniform orientation. The TEM image in Figure 5c as recorded from another
calcite particle shows significantly larger sized (~250 nm) crystallites. Nanodomains with a size of
10-20 nm cannot be distinguished which indicates this calcite particle has a higher crystallinity.
D-spacings measured from the marked lattice fringes Figure 5b,d can be indexed to the (006) and
(104) crystal planes of calcite with an interplane angle of 44.6°. The pale contrasted amorphous
regions observed in HRTEM images (Figure 5b,d) are either pores or EPS rich areas. In addition, TEM
provided further evidence of a core-shell structure (Figure S4c,d). A dark contrasted layer with a
uniform thickness of 30 nm was observed at the surface of the rhombohedral travertine particle.

Figure 5. (a,c) TEM images recorded from calcite particles in the travertine specimen that are thought to
have different growth times; The particle size is shown to be (a) 100 nm; and (c) 250-300 nm, respectively.
The corresponding low magnification TEM images are shown in the insets; (b,d). The HRTEM images were
recorded from the area marked by a square in the inset of (a,c); The HRTEM image in (b) shows many
10-20 nm sized domains; The marked crystal fringes in (b,d) can be indexed to the (104) and (006) crystal
planes of calcite.
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2.2. Synthetic Calcite Grown in the Presence of Chitosan

As a comparative study for our travertine calcite, synthetic calcite was grown in chitosan gel [18].
Details on the synthetic method are outlined in the Supplementary Materials. The typical
morphologies of calcite at different growth stages as a result of thermal treatment times ranging from
2 h to 9 days are displayed in Figure 6. Despite the regular rhombohedral appearance at 2 h, the calcite
crystals were found to be aggregates of small particles rather than single crystals (Figure 6a). In fact,
nanocrystallites on the surface were clearly visible at higher magnifications (Figure 6b). When the reaction
time was increased to 23 h the rhombohedral particles had much smoother (104) surfaces (Figure 6c)
although their faces had a rougher topography in the centre compared to the edges (Figure 6d).

\

Figure 6. SEM images of synthetic calcite particles prepared in the presence of chitosan with a
hydrothermal treatment time of (a,b) 2 h; (¢,d) 23 h; (e,f) 3 days; and (g,h) 9 days. The inset of (g)
shows an unbroken particle; Low magnification images of the rhombohedral particles are shown in
(a,c.e,g); The corresponding high magnification images of their surface are shown in (b,d); and images
of fractured particles in (f h).
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At 3 days the surfaces of the rhombohedral particles were completely smooth (Figure 6e).
Although the rhombohedral outer appearance of the calcite particles is characteristic of a single
crystal, when fractured a core—shell structure was revealed (Figure 6f). The high density shell with a
thickness of ~2.5 um encloses a self-oriented polycrystalline core. Finally, when the growth time was
increased to 9 days, the particle size and morphology remained constant as demonstrated by the SEM
micrograph shown in the inset of Figure 6g but the thickness of the shell increased to ~4.5 pm as
shown by Figure 6h. The SEM image in Figure 6g shows a 9 day fractured calcite particle containing
a high density surface layer in comparison to the polycrystalline core. The cross-section of the surface
layer with a thickness of ~4 um appears as rods. This rod type structure may be the result of crystal
cleavage of the surface.

The TEM image in Figure S5a, recorded from a fragment of a 2 h calcite particle revealed a
nanodomain structure with sizes in the range of 15-50 nm. The pale contrasted amorphous regions
(marked by arrows) located in-between domains are likely pores filled with chitosan molecules. It
has not been possible to determine a wt% value for the amount of embedded chitosan within the
calcite particles due to poor solubility of chitosan in the present synthetic conditions. Due to the
remainder of a large quantity of undissolved chitosan, TGA would have provided a hugely
inaccurate result. A method commonly used to detect organic materials inside biominerals [55] and
biomimetic materials [56] is etching. Figure S5b shows a HRTEM image recorded from a region in
Figure S5a. The d-spacings measured from the marked diffraction spots in the fast Fourier transform
(FFT) pattern shown in the inset of Figure S5b are 3.85 A and 2.79 A respectively, corresponding to the
(012) and (006) calcite crystal planes with an interplane angle of 63°. The lattice fringes and corresponding
FFT pattern in Figure S5b combined with the single crystal-like SAED pattern (Figure S5c) recorded from
a large area of a 2 h calcite particle confirms the uniform orientation of the nanodomains. It should
be noted that when calcite is prepared in total absence of organic agents the core—shell structure is
absent but the rhombohedral morphology is maintained (Figure S6). The calcite particles were real
single crystals with no visible domains as confirmed by HRTEM.

3. Discussion

The present investigation has discovered that the crystal growth of the travertine calcite deposits
comprising a rhombohedral core—shell structure strongly resemble synthetic calcite crystals prepared
when either chitosan or gum arabic gel was added as an organic structure directing agent [18]. In
particular, the early stage step-by-step growth of calcite prepared in the presence of chitosan was
found to be an effective simulation for the growth of the calcite particles in the travertine specimen.
As a result, the roles of chitosan and EPS molecules are expected to be very similar. Such roles of the
biomolecules are thought to include the enhancement of aggregation and the attraction of calcium
cations in the early growth stages. High amounts of hydrogel network incorporated into the crystals
under supersaturated conditions are known to impose a significant effect on calcite morphology,
aggregate formation and co-orientation although this matrix incorporation greatly depends on gel
strength and concentration, i.e., solid content termed by wt%, as well as mineral growth rate [57]. Gel
networks can affect the chemical functionality within the gel by modifying the diffusion rates of
solutes and therefore local concentrations. This will affect local supersaturation and ultimately
suppress or enhance nucleation as well as modify the resulting morphology. To further complicate
matters, the appearance of the surfaces of aggregates has been found to vary as a function of position
in the gel: particles formed closest to the Ca? source showed rough surface terraces, characteristic of
high supersaturation conditions, while those closest to the COs? source had smooth, faceted surface
terraces, typical of lower supersaturation conditions [58]. The observation of multiple morphologies
within the same gel matrix emphasizes the importance of fully understanding the role of growth
conditions, and supersaturation, on the final structure although it is often difficult to determine the
individual contributions of these factors.

The SEM images of our early stage travertine calcite particles show that they are trapped within a
matrix of EPS molecules. This is consistent with geological literature, where it was previously stated that
precipitates always developed in two locations: within the biofilm, where loosely adherent cyanobacterial
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filaments lying close to each other formed hammocks or second, within discrete isolated low viscosity EPS
clouds on the vacuolar floor areas [14]. Synthetic calcite grown in Mg-bearing gelatin hydrogel has
previously produced highly porous crystals with similar morphologies [22]. The observed
microstructures of travertine calcite in the present work are due to growth within a biofilm. Knowledge
of the structure of biofilm-containing calcite mineral deposits in geothermal habitats has been extensively
investigated although further studies are necessary to fully understand the geomicrobiological processes
and formation mechanism of laminated travertine [7,8].

EPS molecules are amphiphilic with positively and negatively charged groups, as well as
hydrophilic and hydrophobic groups [59]. Functional groups in EPS have been reported to include
carboxyl, phosphoric, amine, phenolic and hydroxyl [60]. Based on the large number of available
carboxyl and hydroxyl groups, EPS is regarded to have a very high binding capacity [61]. The
adsorption behaviour of EPS on different surfaces is largely unknown but previous studies have
concluded that solution chemistry, such as the ionic strength and pH can dramatically impact the
EPS deposition or adsorption [61]. To address this problem Zhang et al. [62] prepared four self-
assembled monolayers (SAM) carrying SAM-CHs, SAM-NH:, SAM-OH and SAM-COOH terminal
groups and investigated the attachment and adsorption of EPS on these surfaces under different pH
values and valences of additional cations using surface plasmon resonance. Ca?* was discovered to
encourage EPS adsorption by forming EPS complexes. The Ca* complexes were attracted by
COOH-SAM but repelled by NH2-SAM [62].

Without in situ electron microscopy combined with all the complications that come with
investigating the crystal growth of natural biominerals, we should consider a small possibility that,
like many other biominerals, travertine calcite particles may have originated via an amorphous
calcium carbonate (ACC) precursor. Seto et al. [34] discovered that during the crystallisation of
mesocrystalline spicules in sea urchins they appeared to be able to retain ‘memory’ of the original
ACC particles. This gave rise to mesocrystals comprising a 3D array of iso-oriented particles
containing embedded macromolecules, which TEM data found were distinguishable from single
crystals generated via the classical growth mechanism.

Irregular shaped aggregates such as those shown in Figure 4b are consistent with oriented
aggregation or the formation of skeletal biominerals, such as calcitic octocoral sclerites [63]. Similar
surface features of identically sized and hierarchically arranged rhombohedral sub-blocks in calcite
particles prepared in hydrogels of gelatin were observed by Nindiyasari et al. [24]. Skeletal crystals
are hollow crystals, grown under disequilibrium conditions where their walls, either solid or
constructed from subcrystals form before their cores. This growth proceeds in a reverse pattern of
normal growth by subsequent precipitation in the core to develop solid skeletal crystals [64]. Despite
the outer morphological similarities of our calcite crystals, skeletal growth cannot be used to explain
the formation of a core—shell structure on an already solid particle nor the formation of a high density
single crystalline shell [38].

Such an aggregation process was commonly observed as the first step in the so-called reversed
crystal growth route [65]. Song and Colfen have discussed mechanisms demonstrating the assembly of a
number of mesocrystals in detail [66]. The term mesocrystal was originally used to describe crystals
formed via the oriented assembly of polymer stabilised crystalline nanoparticles. This definition has
since been relaxed such that mesocrystal is now based on structure and not formation mechanism [34].
Kim et al. [67] recently outlined some common misinterpretations in CaCOs mesocrystals, in stating that
calcite/polymer crystals frequently may not have nanoparticle substructures.

Needles, which were frequently located within these aggregates, are most probably calcite
although their contribution to the formation of these aggregates is not known. Pedley [14] observed
similar needles of calcite, which were said to develop by entombing the sheaths of several parallel
oriented erect, living cyanobacterial filaments. The crystal c-axis was reported to be oriented parallel
to the long axes of the filament.

As well as studying the time dependent crystal growth of calcite, Ritchie et al. [18] investigated
the addition of agents with differing isoelectric points, 6.8-7.4 for chitosan and 1.8 for gum arabic.
Although a core-shell structure followed by a true single crystal was achieved in both systems,
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stronger interactions were observed between the polar -OH and -NH: groups of gum arabic and the
Ca? cations compared to the calcite-chitosan system. The lower isoelectric point of gum arabic and
thus stronger interactions between this agent and Ca? cations led to a faster aggregation of CaCOs
precursors. As an extension of the previous work, gelatin (type B) with an isoelectric point in the
range 4.7-5.2, which lies between the values reported for gum arabic and chitosan, is suggested as a
suitable structure directing agent for calcite. Rather than yielding rhombohedral calcite with a
core-shell structure such as that achieved in the travertine sample and 23 h specimens prepared using
chitosan and gum arabic [18], calcite prepared using gelatin had an eight armed star-like morphology
with varying degrees of terraced excavations on each {104} face (Figure S7). Calcite with a very similar
8-armed star appearance, originating from rhombohedral shaped calcite crystals has previously been
produced by the crystallisation of CaCOs in agarose gels [68].

Formation Mechanism

Following an electron microscopic analysis of calcite particles in a travertine specimen and
synthetic calcite prepared in the presence of chitosan molecules [18] with a series of different reaction
times, significant evidence has been found to prove that the calcite particles in both these natural and
synthetic systems do not grow via a classical route. Instead a non-classical reversed crystal growth
route is proposed as illustrated by the six principle steps in Figure 7.

(a) (b) (c)

N »: .
°® —»
Precursor and Nanocfystallites /-
organic with surface Irregular Sll;ped
molecules adsorbed organics aggregate

(a) (b) ' (d)

‘Orientated
polycrystalline particle

Ca?*/chitosan Nucleation and formation of

aggregate nanocalcite on surface of
aggregate
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Crystal growth extends Single crystalline polyhedral
from surface to core shell with polycrystalline core

(f) (e)

Figure 7. Schematic drawing of the proposed growth mechanism of calcite in the travertine crust

specimen (a—f) and those prepared using a synthetic method with chitosan (a’,b’,d—f).
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In the early stage growth of travertine deposits, the presence of a microbial film consisting of
negatively charged EPS molecules is thought to mediate the nucleation and precipitation of CaCOs3
following the transfer of CO2 from ground water highly charged with calcium and bicarbonate ions [69]
(Figure 7a). It is thought that in the very early stages, EPS molecules with -COOH and —-OH terminal
groups of the polysaccharide adsorbed onto the (104) surface of the calcite nanocrystallites (Figure 7b).
This suppressed any further growth of the individual crystallites, most likely along the [104]
direction, and is thought to be the main reason for the formation of irregular shaped aggregates
constructed from oriented subunits. An indication of the speed of oriented aggregation is given by
the initial formation of irregularly shaped microcrystals (Figure 7c) followed by those with a highly
symmetric thombohedral morphology (Figure 7d). The outer appearance of the rhombohedral
shaped calcite microstructures with a textured surface, i.e., Figures 4c-g and Figure 6a-d, is
remarkably similar to skeletal calcite grown in polyacrylamide hydrogel whose crystal growth was
proposed to proceed via precipitation, aggregation followed by oriented fusion of temporarily
stabilised nanoparticles [63].

An important phenomenon, the fusing of calcite nanocrystallites, is thought to have been
observed in higher magnification SEM images resulting in the formation of smooth areas on the
surface of the calcite crystals. The change in the surface of the calcite microcrystals from rough to
smooth with no apparent increase in particle size cannot be explained by a simple attachment of
solutes onto a growing crystal. A surface re-crystallisation or a dissolution-reprecipitation process
where the unstable surface is dissolved in the solution and precipitated as a more stable surface takes
place. These areas, indicated by arrows in Figure 4f appear to be similar to the single-crystalline
islands observed on the surface of icositetrahedral shaped zeolite analcime [48], the first example
found to follow the reversed crystal growth route. Instead of the predicted crystallisation route where
a single nucleus or a few nuclei are followed by a layer-by-layer deposition of atoms, molecules or
ions, re-crystallisation took place simultaneously on the whole surface. According to the mechanism
of Ostwald ripening, small particles dissolve and redeposit onto larger particles in order to achieve a
more thermodynamically stable state, we may speculate that the particles with smaller domains are
at an early stage of crystal growth and the larger domains developed from the former.

A few nanocrystallites remaining in the centre of a (104) face as shown by the SEM micrograph
in Figure 6d indicates re-crystallisation started at the edges before extending to the centre of the faces.
The driving force for fusing the crystalline islands and eventually the formation of a single crystalline
polyhedral shell with six {104} facets (Figure 7e), usually with an increase of reaction time, is said to
be that to achieve a minimum surface free energy [70]. Reversed crystal growth examples have shown
that surface re-crystallisation of the aggregates always leads to a polyhedral morphology with a
minimised surface free energy even if the core region is disordered [48]. Therefore, the Curie-Wulff
theorem [71,72], stating that the equilibrium shape of a free crystal is that which minimizes its surface
free energy can be applied to both single and polycrystalline crystals.

It is predicted that, over a longer period of time, crystallisation would extend from the surface
to the core to increase the thickness of the rhombohedral shell (Figure 7f). The core-shell structure
should eventually diminish to form a true single crystalline state. Ostwald ripening is said to be
responsible for this step. This is thought to be the first time this reversed crystal growth route has
been observed in nature, although Zhou and co-workers suspected that the formation of hollow agate
stone (water agate) would follow a similar process [73].

Although the mid- and final-stage growth of the natural and synthetic calcite in the present work
is very similar, our microstructural analysis implies that there may be some differences in the early
growth steps. Growth of the synthetic calcite particles began with the formation of irregularly shaped
aggregates of chitosan and Ca(NOs)(H20)s precursor molecules/ions (Figure 7a’) [18]. This was
followed by the formation of calcite crystallites, which were often embedded in the composite
particles (Figure 7b’). Richie et al. [18] found the surface of the irregular composite particles was the
most active site for the nucleation of calcite. This was said to be due to the trapping of the Ca? cations
by the chitosan molecules and the slow release of COs* anions from the decomposition of urea.
The -OH and -NH: functional groups of chitosan bound on the surface of the calcite crystallites



Crystals 2017, 7, 36 13 of 18

suppressed their growth and prevented the growth of free crystals. Instead, they underwent
aggregation to form polycrystalline particles with a rhombohedral appearance (Figure 7d).

Despite the short history of this reversed crystal growth route it has been used to explain the
formation of many hollow and core-shell crystals in several inorganic systems including zeolites
[48,74,75], perovskites [76], metal oxides [26,77], plus more recently organic resorcinarene hexamer
[78], alloy nanoparticles [79] and metal organic frameworks [80,81]. There is a need for further
extensive studies on the complex interactions between organic structure directing agents and metal
cations to establish the role EPS plays in biomineralisation. Estroff and co-workers [23] carried out
investigations on the nanoscale to understand the distribution of biomacromolecules in their
synthetic calcite crystals prepared in the presence of agarose nanofibers. One important proposed
question was why the three-dimensional networks of agarose nanofibers do not disrupt the
rhombohedral morphology or the crystalline lattice of calcite. Due to difference in atomic number (Z)
between the organic polymer and calcite, annular dark-field scanning transmission electron
microscopy (ADF-STEM) and electron tomography revealed, in three dimensions, that the agarose
fibres formed a 3D random network that penetrated the entire calcite particle. Application of this
methodology to the calcitic prisms from Atrina rigida shells effectively showed disk-like nanopatches
consistent with organic inclusions preferentially aligned along the (00l) planes of calcite [82]. The
nanopatches perpendicular to the c-axis of calcite inferred that the biomolecules preferentially absorb
onto the homocharged (00/) faces. Preferential adsorption of organic molecules on the (00I) plane did
not occur in the present travertine study. Instead EPS molecules adsorbed onto the (104) plane to
result in building units displaying rthombohedral habits as summarised by our model in Figure 7.
The authors of the present work realise that ADF-STEM and electron tomography [83] would be
valuable techniques for this study but unfortunately have no access to such equipment.

4. Materials and Methods

4.1. Collection of Travertine Specimen

The travertine sample was collected from Erdaohai in Munigou Valley National Park, which is
located in the northern part of the Sichuan Province, China. Erdachai occurs in the northern part of
Munigou and is a SW-NE orientated low gradient mountain valley with a length of approximately 3
km. A few active warm springs, including a human-controlled pool and small mounds are present at
the southwest end of Erdaohai (i.e., the upper part of the valley). The water temperature of the pool
is about 20 °C all year around, which is higher than the annual mean air temperature of 7 °C, and has
a sulphur level of 0.16 mg/L (from tourist information). Thin travertine deposits with microbial mats
occur at the bottom of the pool and also along the sides of the pool water exit channel.
Northeastwards, Erdaohai valley comprises of a number of large and shallow-water pools with rims
containing active travertine deposits. The travertine specimen was sampled from a seasonal-dried
travertine pool rim and represents plant travertine deposits.

4.2. Sample Characterization

Powder X-ray diffraction (XRD) was performed on a PANalytical Empyrean diffractometer
(Almelo, The Netherlands), using Cu Ka radiation (A = 1.5418 A). Analysis of the powder XRD
patterns was carried out using Highscore plus software. SEM images of the specimens were obtained
using a JEOL JSM-6700F (Akishima, Japan) field-emission gun microscope, operating at 1 to 5 kV.
The travertine sample was prepared for SEM characterisation by lightly crushing with a pestle and
mortar. Small travertine pieces with a dimension of several millimetres were placed on a sticky
carbon tab mounted on a brass stub. To overcome beam charging problems, the specimen surface
was coated with a thin gold film using a Quorum Technologies Q150R ES (Laughton, East Sussex,
England) sputter coater/carbon coater prior to SEM analysis. The FEG-SEM is equipped with an
Oxford INCA system for energy dispersive X-ray spectroscopy (EDX), which was applied for
examination of the local chemical compositions of the specimens. TEM images and SAED patterns
were attained using a JEOL JEM-2011 (Akishima, Japan) electron microscope fitted with a LaBs
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filament operating at an accelerating voltage of 200 kV. TEM images were recorded using a Gatan
794 CCD camera (Abingdon, England). For TEM sample preparation, the natural and synthetic
samples were lightly ground with a pestle and mortar and suspended in acetone. One drop of the
suspension was deposited onto a 3 mm sized copper grid with a thin holey carbon support film
coating. The solvent was allowed to evaporate then the grid was placed in the specimen holder. This
electron microscope is also equipped with an Oxford Link ISIS SemiSTEM EDX system (High Wycombe,
England). Thermogravimetric analysis (TGA) was carried out on a Stanton Redcroft
STA-780 (East Grinstead, West Sussex, England) series instrument at a heating rate of 5 °C/min under air.

5. Conclusions

This study is a rare example to demonstrate that, despite the present travertine calcite system
being a ‘real’ life example; it was possible to collect crystals with various ages and perform an electron
microscopic study and thus propose a formation mechanism as well as make a comparison to
synthetic calcite. The matrix macromolecules of EPS in this travertine crystallisation system, in a
similar manner to the chitosan molecules added to the synthetic system disturbed the environment
required for the crystal growth to follow the classical (with a single nucleation) route. This has
previously been commonly observed when large organic agents were added to biomimetic systems.
The inclusion of matrix molecules is thought to play several important roles, such as controlling the
crystal size to a nanometer scale and inducing aggregation of nanocrystallites in the early stages [38,65].
The nucleation and growth of the calcite crystallites were suppressed by the attraction between the
polar —-OH and —-COOH terminating groups of EPS and the Ca?* cations located on the surface of the
nanocrystallites. Core-shell calcite particles consisting of a polycrystalline core enclosed in a thin
single crystal rhombohedral shell were generated by surface re-crystallisation of oriented aggregates.
Further nanoscale characterisation using HRTEM imaging and electron diffraction is required to fully
understand the structure before the driving force for such a perfect alignment of nanocrystallites in
many naturally occurring biominerals can be comprehended. Finally, the step-by-step growth of
calcite prepared in the presence of chitosan was demonstrated to be an effective simulation of the
growth of the investigated travertine specimen. Obviously, the synthetic process taking place in a
laboratory can be easily speeded up by controlling the conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/7/2/36/s1,
Figure S1: SEM of calcite particles in the travertine specimen, Figure S2: Additional SEM images of calcite
particles found in the travertine specimen, Figure S3: TGA of the travertine specimen, Figure S4: TEM images
and corresponding SAED pattern of travertine calcite particles, Figure S5: TEM images of synthetic calcite
prepared in the presence of chitosan, Figure S6: SEM images of synthetic calcite in absence of organic agents,
Figure S7: SEM images of synthetic calcite prepared in the presence of gelatin.
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